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Abstract
Impacts of global climate and land‐use changes on distribution patterns and breeding sites remain today poorly studied 
for several vulnerable emblematic bird species, including the Golden Eagle (Aquila chrysaetos). Herein, we analyzed the 
potential effect of global climate changes and agricultural activities on the distribution patterns of this top predator across 
Mexico. We assessed the long-term role of protected areas (PAs) for safeguarding the species’ overall distribution and its 
breeding sites. We evaluated current and future (2040s, 2060s, and 2080s) threats from global change using ecological niche 
modeling and geographic information system approaches to determine the percentage of the species’ distribution area that 
overlaps with highly human-modified areas and PAs under each climate scenario. We also used niche overlap tests to assess 
whether the species’ breeding sites show equivalence or similarity of climatic conditions over time. Our findings revealed 
shifts in the Golden Eagle’s distributional area, with an overall size reduction (by ~ 57% in the 2040s and ~ 78% in the 2080s) 
due to future environmental changes, mainly attributable to increasingly dry and warm conditions. Mexican PAs cover ~ 12% 
of the Golden Eagle’s range across country, but this decreased by > 33% on average under the species’ future distributions. 
Although the hypothesis of equivalent climatic conditions at breeding sites over time was rejected, those sites did have long-
term climate similarity (niche overlap: 0.75–0.83; P < 0.05). Considering the species’ nest site fidelity and that colonization 
of new areas within Mexico seems unlikely, protection of these breeding sites is a critical step for the long-term conservation 
of this emblematic species in Mexico.

Keywords Ecological niche modeling · Environmental impact assessment · Long-term conservation · Protected areas · Top 
predator · Species distribution

Zusammenfassung
Brutplätze schützen: ein wichtiges Ziel für die Erhaltung des Steinadlers in Mexiko unter den Bedingungen des 
globalen Wandels
Die Auswirkungen globaler Klima- und Landnutzungsänderungen auf die Verbreitungsmuster und Brutplätze mehrerer 
gefährdeter, symbolträchtiger Vogelarten, darunter der Steinadler (Aquila chrysaetos), sind bis heute kaum untersucht. In 
dieser Studie haben wir die potenziellen Auswirkungen globaler Klimaveränderungen und landwirtschaftlicher Aktivitäten 
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auf die Verbreitungsmuster dieses Spitzenprädators in Mexiko untersucht. Wir bewerteten die langfristige Rolle von 
Schutzgebieten für die Sicherung der Gesamtverbreitung der Art und ihrer Brutplätze. Wir bewerteten aktuelle und zukünftige 
(2040, 2060 und 2080) Bedrohungen durch den globalen Wandel, indem wir ökologische Nischenmodelle und geografische 
Informationssysteme einsetzten, um den prozentualen Anteil des Verbreitungsgebiets der Art zu bestimmen, der sich mit stark 
vom Menschen veränderten Gebieten und Schutzgebieten unter jedem Klimaszenario überschneidet. Außerdem haben wir 
mit Hilfe von Nischenüberlappungstests untersucht, ob die Brutgebiete der Art im Laufe der Zeit gleichwertige oder ähnliche 
klimatische Bedingungen aufweisen. Unsere Ergebnisse zeigen, dass sich das Verbreitungsgebiet des Steinadlers aufgrund 
zukünftiger Umweltveränderungen insgesamt verkleinert (um ca. 57% in den 2040er Jahren und ca. 78% in den 2080er 
Jahren), was hauptsächlich auf zunehmend trockenere und wärmere Bedingungen zurückzuführen ist. Die mexikanischen 
Schutzgebiete decken landesweit etwa 12% des Verbreitungsgebiets des Steinadlers ab, doch wird dieser Anteil unter den 
zukünftigen Verbreitungsgebieten der Art im Durchschnitt um mehr als 33% abnehmen. Auch wenn wir die Hypothese 
über die Zeit gleichwertiger klimatischer Bedingungen an den Brutplätzen Zeit verwarfen, wiesen diese Standorte eine 
langfristige Klimaähnlichkeit auf (Nischenüberschneidung: 0,75-0,83; P < 0,05). In Anbetracht der Nistplatztreue der Art 
und der Tatsache, dass die Besiedlung neuer Gebiete in Mexiko unwahrscheinlich erscheint, ist der Schutz dieser Brutplätze 
ein entscheidender Schritt für die langfristige Erhaltung dieser emblematischen Art in Mexiko.

Introduction

The Golden Eagle (Aquila chrysaetos) is one of the most 
widely distributed birds of prey and top predators in the 
world (Kovács et al. 2008; Watson 2010; Katzner et al. 

2012). In North America, this species is distributed from 
Alaska to Central Mexico (Fig. 1) and occurs in disjunct 
areas in a wide variety of ecosystems, from cliffs at sea level 
to temperate forests nearly 3000 m s.a.l. (Bravo-Vinaja and 
Guzmán-Aranda 2014). Globally, it is listed as a species 

Fig. 1  Current potential distribution model of Golden Eagles (Aquila 
chrysaetos) in North America and Mexico. Note an important reduc-
tion (~ 21.22%, lost areas in red) in the predicted potential distribu-
tion model when filtered to only include areas of natural forests. 
Numbers on the maps correspond to the main four protected areas 
identified within species distribution: Forest Protection Zone and 

Wildlife Refuge “Valle de los Cirios” (1), the Natural Resources Pro-
tection Area–Forest Protection Zone “Don Martín” (2), the Biosphere 
Reserve “El Vizcaíno” (3), and the Natural Resources Protection 
Area–Forest Protection Zone “Estado de Nayarit” (4). Dark brown 
shading shows areas with elevations above 1000 m asl (bird picture 
provided by Luis F. Lozano) (color figure online)
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of “Least Concern” by the International Union for Con-
servation of Nature (https:// www. iucnr edlist. org/). How-
ever, in Mexico the Golden Eagle is restricted to severely 
fragmented habitats that are continuing to decline in size, 
connectivity, and quality due to anthropogenic activity 
(Campos-Rodríguez et al. 2019). It is estimated that the 
abundance of A. chrysaetos in the country has declined over 
the past 20 years, a trend that is expected to continue into 
the future (Bautista et al. 2022). The Golden Eagle is there-
fore categorized as a threatened and high-priority species at 
the national level in Mexico (SEMARNAT and CONANP 
2008; SEMARNAT 2019). This has led to growing interest 
in identifying priority sites for their conservation. Despite 
the increase in knowledge of the distribution of Mexican 
Golden Eagle population over recent years, details about the 
combined effects of anthropogenic disturbances and global 
climate warming on geographic and ecological patterns for 
this species are scarce (Rodríguez-Estrella 2002; Bravo-
Vinaja and Guzmán-Aranda 2014; D’Addario et al. 2019; 
Campos-Rodríguez et al. 2019).

It is well known that strong synergy between climate 
change and agriculture-driven land-use change modifies the 
geographical distribution of suitable conditions for species’ 
survival, decreases connectivity among populations, and can 
lead to local or even global extinctions (Jetz et al. 2007; 
Ceballos and Ehrlich 2018; Lovejoy and Hannah 2019). This 
is a critical scenario for the Golden Eagle’s long-term con-
servation at a national scale because Mexico continues to 
have high annual deforestation rates (see Mendoza-Ponce 
et al. 2020), at the same time as temperature and precipita-
tion patterns have reportedly changed over the past 100 years 
(see Cuervo-Robayo et al. 2020). Worryingly, most future 
estimations of the impact of these factors on Mexican bio-
diversity in the coming decades are not optimistic; this is 
the case in birds (e.g., Prieto-Torres et al. 2020, 2021a, b; 
Sierra-Morales et al. 2021) as well as a wide variety of mam-
mals, amphibians, reptiles, and plants (e.g., Peterson et al. 
2002; Ochoa-Ochoa et al. 2012; Ureta et al. 2018; Arenas-
Navarro et al. 2020; Mayani-Parás et al. 2021). Moreover, 
the network of protected areas (PAs) may be less effective 
for conserving species under future global change scenarios, 
mainly because they may no longer cover species’ modi-
fied future distributions (Hannah et al. 2007; Jones et al. 
2018; Maxwell et al. 2020; Prieto-Torres et al. 2020; 2021a). 
Thus, there is clear evidence that rapid changes in Mexico 
are quickly restricting our last opportunities for the imple-
mentation of effective conservation planning and mitigation 
policies (Hannah et al. 2007; Bitencourt et al. 2016; Pearson 
et al. 2019; Law et al. 2021).

Because the Golden Eagle is a territorial species exhibit-
ing strong long-term fidelity to nesting sites (Palmer 1988; 
Bravo-Vinaja and Guzmán-Aranda 2014), future conserva-
tion strategies must give special priority to the long-term 

protection of breeding areas of this species. It is recog-
nized that the minimum size and climate conditions of the 
nesting territory are limiting factors for the Golden Eagle 
abundance; low availability of suitable areas for breeding 
could cause a decrease in the reproductive rate, lead to nest 
abandonment, and reduce its population density (Beecham 
and Kochert 1975; Tavizon 2014; Bautista et al. 2022). 
Furthermore, the destruction of nests by human activities 
is currently among the most serious threats to this species’ 
long-term survival in Mexico (Bravo-Vinaja and Guzmán-
Aranda 2014; Tavizon 2014; Campos-Rodríguez et al. 2019; 
Bautista et al. 2022). Therefore, determining which breeding 
regions are vulnerable versus stable is a critical first step in 
the conservation agenda for the Golden Eagle in Mexico. 
Forecasting the interactive effects of global changes threats, 
the policy makers may take advantage from selection of cli-
matically reserves to lead optimal conservation actions for 
species into the future (Hannah et al. 2007; Triviño et al. 
2018; Lovejoy and Hannah 2019).

In this study, we evaluate the potential impacts of cli-
mate and land-use change on Golden Eagles using ecologi-
cal niche modeling and multiscale geographic information 
system (GIS) analyses. Specifically, we aimed to: (a) assess 
how direct, indirect and additive threats from global change 
could impact this species’ potential distribution in Mexico, 
and in particular its breeding sites, in future time periods; 
and (b) determine the role of the present network of PAs to 
safeguard both the species’ overall distribution and, specifi-
cally, its breeding sites.

Methods

Species records and breeding site information

Observational records of Golden Eagles were obtained from: 
(1) different scientific collections and online collaborative 
public databases (i.e., Global Biodiversity Information Facil-
ity [GBIF; https:// www. gbif. org/], Sistema Nacional de 
Información sobre Biodiversidad de México [SNIB; https:// 
www. snib. mx/] and eBirds [https:// ebird. org/ home]); (2) 
> 10 years of fieldwork (2005–2020) monitoring adults and 
breeding sites of this species in Mexico performed by Luis 
F. Lozano working in the National Commission of Protected 
Areas (CONANP, as abbreviated from its Spanish name); 
and 3) specialized literature on the biology and distribution 
of the species (e.g., Janss et al. 1999; Rodríguez-Estrella 
2002; Bravo-Vinaja and Guzmán-Aranda 2014; León-
Girón et al. 2016; Campos-Rodríguez et al. 2019; Flesch 
et al. 2020). The GBIF information (2021) was downloaded 
directly using the “rgbif” library for R software (Chamber-
lain et al. 2019).

https://www.iucnredlist.org/
https://www.gbif.org/
https://www.snib.mx/
https://www.snib.mx/
https://ebird.org/home
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The monitoring program was carried out annually based 
on (1) linear transects of 100 km along secondary and rough 
terrain roads, and (2) point sampling technique via obser-
vation with binoculars/telescopes for 3–4 h (Rodríguez-
Estrella et al. 2020). The monitoring effort ranged from 
three to ten years by locality. This allowed us to distinguish 
non-territorial birds (i.e., “floaters”; see Caro et al. 2011) 
from breeding individuals, pairs, and nests (Bibby et al. 
1992; Ferrer-Sánchez and Rodríguez-Estrella 2014). The 
observation points were located at a minimum distance of 
2 km apart to reduce the probability of double counting and 
achieve independent sampling. In addition, the content of 
each nest (eggs, chicks, etc.) and status of the nest (active or 
not active) was determined (Rodríguez-Estrella et al. 2020).

Then, in view of the shortcomings of GBIF data (Yes-
son et al. 2007) and the need for good quality data for opti-
mal model performance (Beck et al. 2014; Perez-Navarro 
et al. 2021), we performed a data cleaning process. This 
data cleaning consisted of four steps: (a) removing records 
that lacked lat–long coordinates or contained data transcrip-
tion errors; (b) excluding records that lacked data for the 
bioclimatic variables used; (c) restricting our data to those 
collected between 1970 and 2021; and (d) eliminating locali-
ties whose coordinates (longitude and latitude) had less than 
three decimal places. Moreover, for records from 2001 to 
2021 (i.e., without the same temporality as climatic layers) 
we performed an outlier exclusion procedure in the envi-
ronmental space by removing points whose annual mean 
temperature (Bio 01), annual precipitation (Bio 12), or pre-
cipitation seasonality (Bio 15) values fell beyond the upper 
and lower quartiles of the set of species’ records within the 
time range (1970–2000) of bioclimatic variables (Robertson 
et al. 2016; Prieto-Torres et al. 2020). Then, we removed 
records that were present in more than one source or were 
spatial duplicates, retaining only information correspond-
ing to unique localities within a vicinity of ~ 10  km2 (based 
on the known home range for the species; see McGrady 
et al. 2002; Tapia et al. 2007). This was done to avoid biases 
derived from spatial autocorrelation in areas that are heavily 
represented in the data (Peterson et al. 2011). Besides, we 
also discarded records outside the documented geographic 
and elevational ranges of the species’ distribution (BirdLife 
International 2022). After all of these steps, we retained a 
total of 4877 unique locality records (including 152 Mexican 
breeding sites [i.e., territories occupied by pairs with nests]).

Environmental variables and future climate 
scenarios

To characterize the species’ potential distribution, we down-
loaded the 19 ‘bioclimatic variables’ (at ~ 5  km2 cell size 
resolution) from the WorldClim 2.1 database (Fick and Hij-
mans 2017). We excluded the four variables that combine 

temperature and precipitation (bio 8, bio 9, bio 18 and bio 
19), owing to known artifacts (Escobar et al. 2014; Booth 
2022). To avoid overfitting and reduce the dimensionality of 
the climatic variables, we derived the set of four variables 
that explained 95% of the total variance, using a Principal 
Components Analysis (Hanspach et al. 2011) implemented 
in the “ENMGadgets” R package (Barve and Barve 2016). 
These Worldclim bioclimatic variables were complemented 
with two topographic (elevation and slope) datasets down-
loaded from the Hydro1k project (see USGS 2001) and a 
vegetation dissimilarity index layer that provide information 
on the spatial variation of habitats (see Tuanmu and Jetz 
2015). Although these variables are not commonly used in 
correlative modeling studies, we decided to include them 
because they are considered important drivers of the habitat 
preferences for distribution and breeding ecology of Golden 
Eagles (see Tapia et al. [2007] and Fielding et al. [2019] for 
more details).

For models based on future climate projections (2040s, 
2060s, and 2080s), we used climate data from the Cou-
pled Model Intercomparison Project 6 (CMIP6; Stoerk 
et al. 2018). Five general circulation models (CanESM5, 
MIROC6, BCC-CSM2-MR, CNRM-CM6-1, and IPSL-
CM6A-LR) were selected based on the results from GCM 
compare R’s web application (Fajardo et al. 2020), adopting 
the “storyline” approach (Shepherd et al. 2018). Besides, 
these models showed improvements in the estimation of 
zonal-mean atmospheric fields, equatorial ocean subsur-
face fields, precipitation values. and the simulation of El 
Niño-Southern Oscillation in the Americas (Zelinka et al. 
2020). All projections were performed using an intermedi-
ate Shared Socio-economic Pathway scenario (SSP 3.70), 
which assumes high greenhouse gas emission and low cli-
mate change mitigation policies (Riahi et al. 2017), which 
seems to be the most likely scenario in the future (Stocker 
et al. 2013; Pandit et al. 2021). All global climate models 
were downloaded from the WorldClim website (https:// 
www. world clim. org/ data/ cmip6/ cmip6_ clim2. 5m. html) as 
digital layers (at ~ 5  km2 cell size resolution).

Ecological niche and species distribution models

Because several authors have been reported that there are 
uncertainties linked to the implemented algorithm (e.g., 
Qiao et al. 2015; Hao et al. 2019), we decided to use the 
bio-assembly of models’ approach forecasting the species 
distribution. To do this, we used the “modleR” library in R 
(Sánchez-Tapia et al. 2020), which involves four steps: data 
setup, fit and projection of the model, partition union, and 
consensus between algorithms. Models for A. chrysaetos 
were obtained using four algorithms: Bioclim (Beaumont 
et al. 2005; Booth et al. 2014), Mahalanobis distance (Hij-
mans et al. 2017), Maxent (Elith et al. 2006), and Maxnet 

https://www.worldclim.org/data/cmip6/cmip6_clim2.5m.html
https://www.worldclim.org/data/cmip6/cmip6_clim2.5m.html
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(Phillips et al. 2017). These algorithms were selected over 
others because they have been shown to perform well using 
presence-only data, as is the case here (Elith et al. 2011; 
Qiao et al. 2015), and they also had the best predictive per-
formance in terms of kappa, TSS, and ROC test evaluations 
(see below).

Given that dispersal plays a crucial role in the distribution 
of organisms and must be considered in the development 
of such models (Barve et al. 2011), we created an area for 
model calibration, known as “M” according to the BAM dia-
gram (Soberón and Peterson 2005). This area (a GIS mask 
or polygon) was defined by intersecting the species’ records 
with maps of terrestrial ecoregions (Dinerstein et al. 2017) 
and neotropical biogeographic provinces (Morrone et al. 
2022), including a 50-km buffer (based on the natal disper-
sal distance [NDD] reported in previous works [see Mill-
sap et al. 2014; Murphy et al. 2019; Whitfield et al. 2023]). 
The area defined as “M” thus represents a biogeographical 
hypothesis about the sites that have been historically acces-
sible to the species, and to which we therefore restricted our 
modeling distribution (Peterson et al. 2011). This considera-
tion assumes that these regions define the area that has his-
torically been accessible to the species in geographical space 
(because there are no ecological or geographical barriers that 
prevent access; Soberón and Peterson 2005).

The models were generated by partitioning the locali-
ties into calibration and evaluation datasets, using the n-fold 
cross-validation option, as implemented in the “partition_
type” function of the “modleR” library (Sánchez-Tapia et al. 
2020). Each run was performed with a different selection of 
the calibration and evaluation datasets, and the proportion 
of data for calibration was set to 70%. In addition, a set of 
10,000 pseudo-absence datasets was randomly generated 
inside the calibration area (M). We repeated these steps ten 
times for each algorithm to ensure that the evaluation proce-
dure was independent of the random splitting procedure. The 
prevalence was set to 0.5 to give the presences and absences 
the same importance in the calibration process. All other 
parameters in “modleR” were kept at default settings (see 
Sánchez-Tapia et al. 2020).

Then, we used a true skill statistic (TSS) protocol to 
convert the probabilities of occurrence into presences and 
absences (Allouche et al. 2006). To generate a consensus 
map for the species, we added all models’ outputs and calcu-
lated the relative number of times that species records were 
predicted by each model in each cell. Then, a final consensus 
presence/absence map was generated using a minimum con-
gruence threshold of 0.5 (i.e., at least 50% of maps agreed 
on their predictions; Araújo et al. 2005; Sánchez-Tapia et al. 
2020). The performance of the final map under current cli-
mate conditions was evaluated by calculating the values and 
significance of omission error (i.e., percentage of records 
erroneously omitted by the model; Anderson et al. 2003) and 

the partial-ROC test (Lobo et al. 2008; Peterson et al. 2008). 
The models were calibrated using the available data for the 
entire range of the species, then cropped to the geographic 
extent of Mexico for subsequent analyses (Fig. 1).

For the future climate scenarios, we generated a total 
of 40 maps of the species’ potential distribution (i.e., four 
algorithms × two time points × five global climate models). 
Following the same procedures as described above for the 
current climate scenario, these future maps were used to pro-
duce a consensus map (i.e., threshold > 0.5) for each global 
climate model. Then, the future geographic distributions (for 
years 2040, 2060, and 2080) were obtained by overlaying 
the binary projections from the five global climate mod-
els, determining the “presence” to any pixel where ≥ 80% 
of predictive models coincided (i.e., suitable in 4 or more 
models = presence). This resulted in a single consensus map 
for each of the scenarios forecasted, for a total of four maps: 
current, 2040s, 2060s, and 2080s.

Finally, to measure the risk of strict extrapolation into 
future species’ models resulting from projections to non-
analogous conditions, we performed mobility-oriented 
parity (MOP; Owens et al. 2013)—as implemented in the 
“ntbox” R package (Osorio‐Olvera et al. 2020). MOP con-
sists of measuring the similarity between the closest 30% 
of the environmental conditions of the calibration area to 
each environmental condition in the area of transference (see 
Owens et al. 2013; Alkishe et al. 2017). Areas of projection 
with values of similarity of zero indicate higher uncertainty 
given the presence of non-analogous environmental con-
ditions, as suitability in those regions derives from model 
extrapolation only, and caution is required when interpreting 
the likelihood of the species’ presence in such areas (Alk-
ishe et al. 2017). Those areas were deleted from our binary 
results (suitable areas) for the subsequent analyses. This step 
is important for proposing conservation areas, since it is 
most beneficial to protect areas where there is a high degree 
of certainty that the species of interest will be found (see 
Velazco et al. 2020).

Spatio‑temporal analyses and summary metrics

We determined the loss and gain of suitable habitats by com-
paring the geographic projections of niche models in current 
versus future scenarios (following Thuiller et al. [2005]). 
This comparison allowed us to identify areas of climatic 
stability (i.e., places where the conditions were suitable 
under the current and all future models). When the loss of 
suitable areas was predicted in future-projected models, we 
calculated the differences (current vs. future) in values of the 
bioclimatic and elevation variables (Cobos and Bosch 2018; 
Atauchi et al. 2020).

We assessed the effects on our models of current habitat 
loss (i.e., human modified areas that may be unsuitable for 
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some species) using the 2017 land cover and vegetation map 
generated by the Mexican Instituto Nacional de Estadística 
y Geografía (available on: https:// www. inegi. org. mx/ temas/ 
usosu elo/). We reclassified this map using the “majority” 
resampling technique at ~ 5  km2 in ArcMap 10.2.2 (ESRI 
2010) to discriminate pixels representing extremely dis-
turbed landscapes (i.e., areas occupied by crops, deforested 
areas, farming areas, pastures, and urban settlements) as 
“highly human-modified areas”. We then calculated the aver-
age extent of species distribution under the current climate 
scenario that overlapped with these highly human-modified 
areas. For future scenarios, we repeated this process for the 
land-use and land-cover change scenarios (from 2015 to 
2100) modeled by Chen et al. (2022), which are based on 
the projected demand of the latest IPCC coupling socio-
economic and climate change scenarios, SSP–RCP, using 
the maps corresponding to each of our time points (2040, 
2060 and 2080).

Finally, to estimate the importance of the existing PA 
network for Golden Eagle distribution, we calculated the 
proportion of the species’ distribution area that fell within 
these conservation areas by overlapping the raster of current 
Mexican PAs with the binary species distribution maps. The 
shapefile of the boundaries of terrestrial PAs was obtained 
from the CONANP website (available on: http:// sig. conanp. 
gob. mx/ websi te/ pagsig/ info_ shape. htm), selecting both 
official PAs and voluntary conservation areas. All of these 
post-modeling analyses and statistical calculations were per-
formed using the “maptools” (Bivand et al. 2016), “raster” 
(Hijmans et al. 2016) and “LetsR” (Vilela and Villalobos 
2015) R packages.

Characterization of the impact of climate change 
on breeding sites

The potential impacts of global climate change on Golden 
Eagle’ breeding sites across Mexico were assessed (follow-
ing Cobos and Bosch 2018) by comparing the climatic data 
between the current and future (2040s, 2060s, and 2080s) 
scenarios using a principal component analysis (PCA; Pear-
son 1901; Karamizadeh et al. 2013) of the six uncorrelated 
(r < 0.8; Dormann et al. 2013) bioclimatic variables: bio 
02, bio 07, bio 10, bio 13, bio 14, and bio 15. To do this 

analysis, values of current and future bioclimatic variables 
were extracted for 10,000 random points for the available 
climatic space (within the area defined as M) and the known 
breeding sites of the species in Mexico. The results were 
then represented in a biplot of the two first principal com-
ponents (PCs), using ellipsoids to represent the conditions 
(ecological niche) of breeding sites. We assessed whether 
the species’ breeding sites show equivalent climatic condi-
tions over time using niche overlap tests (see Warren et al. 
2008; Broennimann et al. 2012). The hypotheses of niche 
equivalence and similarity (i.e., conservatism of ecologi-
cal conditions) for breeding sites among climate scenarios 
was evaluated by performing statistical tests to compare the 
empirically observed distributions of Schoener’s D to 1000 
randomly generated simulated values (see Warren et al. 
2008; Broennimann et al. 2012).

Results

Model statistics and current spatial patterns 
of the Golden Eagle

Models obtained for the individual algorithms showed 
highly significant values of the partial ROC test (ranging 
from 1.07 to 1.43; P < 0.05) and low omission errors (mean 
of 11.0 ± 7.9%). These performance values (Table 1) indi-
cated that our species’ distribution models were statistically 
better than random expectations. Therefore, we considered 
our models to have good discrimination capacity for recov-
ering the ecological niche and geographical range of the 
species.

The consensus map showed that the current potential 
distribution area of the Golden Eagle has a size of ca. 
1,027,400  km2 in Mexico (Fig. 1; Table 2). On average, 
this estimated range represent the 7.2% of species’ whole 
distribution into North American region. The suitability 
areas for the Golden Eagle in Mexico are concentrated 
mainly in the north central region, including large areas 
in the states of Chihuahua (26.35%), Coahuila (17.83%), 
Durango (9.88%), Baja California (8.44%), and Zacatecas 
(7.92%). A total of six natural ecosystems were identi-
fied as important in the Golden Eagle’s distribution across 

Table 1  Mean performance values obtained for the ten replicates of each algorithm used herein to model the potential geographical distribution 
of Golden Eagle (Aquila chrysaetos)

Algorithm Kappa values ROC-partial % Omission error TSS

BioClim 0.089 1.257 23.90 0.215
Mahalanobis distance 0.718 1.070 10.75 0.085
Maxent 0.593 1.422 10.24 0.349
Maxnet 0.451 1.429 6.23 0.355

https://www.inegi.org.mx/temas/usosuelo/
https://www.inegi.org.mx/temas/usosuelo/
http://sig.conanp.gob.mx/website/pagsig/info_shape.htm
http://sig.conanp.gob.mx/website/pagsig/info_shape.htm
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Mexico (Table 3). The three more important ecosystems 
were xerophytic scrub (644,600   km2; 62.74%), grass-
land (179,750  km2; 17.50%), and coniferous-oak forest 
(175,350  km2; 17.07%). The model showed an important 
degree of overlap (21.22%) between the species distribu-
tion and current highly human modified areas (red color 
in Fig. 1; Table 2), including 11.84% of recorded breeding 
sites. The sites of strongest overlap between the Golden 
Eagle distribution and human-modified areas were across 
the northwestern Chihuahua, northeastern Nuevo León, 
and a largely continuous stretch from Durango–Sinaloa to 
Tlaxcala–Puebla (Fig. 1).

The model also showed a relatively high proportion (ca. 
12%) of the species’ potential distributional areas within 
existing PAs. The PAs with the largest areas of conditions 
suitable for species were the Forest Protection Zone and 
Wildlife Refuge “Valle de los Cirios” (29,880  km2), the 
Natural Resources Protection Area–Forest Protection Zone 
“Don Martín” (17,800  km2), the Biosphere Reserve “El 
Vizcaíno” (11,780  km2), and the Natural Resources Pro-
tection Area–Forest Protection Zone “Estado de Nayarit” 
(7285  km2). These four PAs together account for more 
than 55.26% of the portion of the species’ range that falls 
within PAs, and a total of 26 records (17.11%) of breeding 
sites were reported within the limits of these PAs.

Impacts of global changes on species distribution 
patterns

Our model projections showed that the distribution area 
of the Golden Eagle across Mexico could decrease sig-
nificantly in the future (Table 2; Fig. 2). Furthermore, our 
results suggest that the Golden Eagle will not be able to 
offset this lost distribution area by colonizing areas that 
become newly suitable in the future, since < 1% of the dis-
tribution areas under the future scenarios corresponded to 
newly colonized areas (Table 2). The potential distribution 
areas decreased under future scenarios by ~ 49% [2040s] 
and ~ 76% [2080s] relative to the present. This loss of area 
occurred mainly across the Mexican Plateau in the states 
of Chihuahua, Durango, and Zacatecas (Fig. 2). In general, 
all projections showed decreases for the Golden Eagle’s 
distribution across the six natural ecosystems identified 
in Mexico (Table 3). The most significant losses (> 77% 
of the current available suitability areas) were detected in 
seasonally tropical dry forests, thorn forests, and grass-
lands, leaving up to 89% of the species’ remaining distri-
bution in the future in Xerophytic scrub and coniferous-
oak forests. In addition, the models showed that on average 
only 23.61% (242,600  km2) of the potential distribution 
could be considered environmentally stable across time 

Table 2  Current and projected future distribution of the Golden Eagle 
(Aquila chrysaetos). The results are based on the current climate sce-
nario or on the intermediate Shared Socio-economic Pathway climate 
scenario (SSP 3.70) for the year 2040, 2060, or 2080. For each pro-
jection, we report the expected range loss (in  km2 and percentage) 

relative to the current range due to projected climate change (GCC) 
and land-use change (LU), as well as the new areas colonized in the 
future, intact remnant areas, and the distribution area within the pro-
tected areas (PAs)

Climate scenario Distribution 
area  (km2)

Percent lost due 
to GCC 

Percent lost due to 
GCC + LU

New areas in the 
future  (km2)

Intact remnant areas Distribution within 
current PAs  (km2)

Current 1,027,400 – – – 809,385 (78.78%) 120,800 (11.76%)
2040s 527,225 −48.68 −57.14 2200 (0.42%) 440,325 (83.52%) 80,675 (15.30%)
2060s 407,275 −60.36 −66.37 2025 (0.50%) 345,550 (84.84%) 66,425 (16.31%)
2080s 250,750 −75.59 −78.43 2700 (1.08%) 221,575 (88.36%) 50,750 (20.24%)

Table 3  Potential distribution area of the Golden Eagle (Aquila 
chrysaetos) within each of the six main terrestrial ecosystems of 
Mexico modeled under current and future climate scenarios. For each 
case, we report the size and proportion of the total range occurring 

within each ecosystem from models at each of the four time points. 
The shapefile of ecosystem boundaries was obtained from the Mexi-
can terrestrial ecosystem classification (INEGI-CONABIO-INE 
2008)

Ecosystem Current  (km2) 2040s  (km2) 2060s  (km2) 2080s  (km2) Stable areas  (km2)

Xerophytic scrub forests 644,600 (62.74%) 366,375 (69.49%) 280,875 (68.96%) 171,400 (68.35%) 168,325 (69.38%)
Grasslands 179,750 (17.50%) 57,050 (10.82%) 42,025 (10.32%) 20,800 (8.30%) 20,275 (8.36%)
Coniferous-oak forests 175,350 (17.07%) 98,175 (18.62%) 81,325 (19.97%) 56,975 (22.72%) 52,825 (21.77%)
Seasonally tropical dry forests 18,075 (1.76%) 2850 (0.54%) 1950 (0.48%) 800 (0.32%) 525 (0.22%)
Thorny forests 7775 (0.76%) 1275 (0.24%) 650 (0.16%) 425 (0.17%) 325 (0.13%)
Cloud forests 1850 (0.18%) 1500 (0.28%) 450 (0.11%) 350 (0.14%) 325 (0.13%)
Total 1,027,400 (100%) 527,225 (100%) 407,275 (100%) 250,750 (100%) 242,600 (100%)
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(i.e., was predicted to occur under all scenarios analyzed). 
These areas of stability (with respect to both climate and 
topographic conditions) overlapped with 27.63% of the 
breeding sites recorded for the species in Mexico, while 
49.34% of recorded breeding sites corresponded to areas 
where suitable conditions were predicted to loss in the 
future.

The MOP analyses (Electronic Supplementary Appendix 
S1) indicated that areas where strict extrapolation occurred 
outside of the potential distribution/suitable areas predicted 
by models in the future across Mexico. Thus, general shifts 
in species ranges corresponded to changes in the extent and 
quality of suitable climate conditions (i.e., extension and 
quality) within the range of conditions currently used by 
the species. Areas where the species was expected to be 
present in the current scenario but not in the future (Fig. 2), 
showed significant increases in average temperature annual 
(> 2.6 °C), temperature seasonality (> 1.4 °C) and maxi-
mum temperature of the warmest quarter (> 2.9 °C), as well 

as reductions in precipitation seasonality (> 2.2 [2040]–3.4 
[2080] mm).

On the other hand, the combined effects of future cli-
mate change and habitat loss could represent a still-greater 
risk, leading to an average reduction of 57% (2040s)–78% 
(2080s) in the area of the Golden Eagle’s potential distri-
bution (Table 2). Furthermore, current PAs cover between 
15.30% (2040s) and 20.24% (2080s) of the species’ pro-
jected future distribution. However, this results in fact cor-
respond to a reduction of conservation sites because the 
surface  (km2) within PAs decreased by > 33% on average 
under the species’ future distributions (see Table 2). Indeed, 
the four most important PAs in the species’ current distribu-
tion showed important reductions in their areas of overlap 
with Golden Eagle distribution in the future (decreasing by 
38.52% [2040s]–56.34% [2080s]) in the future.

Fig. 2  Golden Eagle (Aquila chrysaetos) distribution projected to 
2040, 2060, and 2080 under an intermediate Shared Socio-economic 
Pathway climate scenario: SSP 3.70. Colors in maps correspond to 
the predictions of range expansion (green), loss (blue), and stable 
areas (red) under future projections relative to the current scenario. 
The black-hatched polygons in the maps represent the protected areas. 
Dark brown shading shows area with elevations above 1000  m asl. 
The bar graph in the bottom right panel shows the area of the spe-

cies’ distribution that falls within the four protected areas identified as 
the most important under the current scenario: Forest Protection Zone 
and Wildlife Refuge “Valle de los Cirios” (1), the Natural Resources 
Protection Area–Forest Protection Zone “Don Martín” (2), the Bio-
sphere Reserve “El Vizcaíno” (3), and the Natural Resources Protec-
tion Area–Forest Protection Zone “Estado de Nayarit” (4) (color fig-
ure online)
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Climate global change impacts on breeding sites

In the PCA, 67.44% of the total variance was explained by 
the two first PCs (Fig. 3a). Precipitation of wettest month 
(bio 13) and precipitation seasonality (bio 15) were more 
closely correlated with each other than with the other vari-
ables, while the temperature annual range (bio 07) and 
the mean temperature of warmest quarter (bio 10) vari-
ables followed opposite directions in the biplot (Fig. 3b). 
The test of equality of climate conditions for the Golden 
Eagle’s breeding sites in Mexico among years rejected that 
hypothesis (P > 0.05). However, the similarity background 
test showed that the hypothesis of niche similarity can-
not be rejected, since the observed D values were signifi-
cantly (P < 0.05) greater than random expectation (Fig. 3). 
Therefore, a higher conservatism of ecological condi-
tions for these sites is expected. In fact, and despite those 

climatic conditions characterizing the niche of breeding 
sites trend—as expected—to shift its position into ecologi-
cal space (Fig. 3), we observed (according to Rödder and 
Engler [2011] proposal) a high–very high overlap values 
(0.75–0.83) among the available climates by years for these 
reproductive sites of the species.

Discussion

In recent years, there has been an increase in the number 
of studies focused on the impact of rapidly changing envi-
ronmental conditions on biodiversity. Several studies have 
evaluated the potential additive effects of these threats on 
the conservation of a number of species, biological assem-
blages, and ecosystems across Mexico (e.g., Peterson et al. 
2002; Ochoa-Ochoa et al. 2012; Rojas-Soto et al. 2012; 
Prieto-Torres et al. 2016, 2020, 2021b; Mayani-Parás et al. 
2021; Sierra-Morales et al. 2021; Ureta et al. 2022). The 
current study is the first to explore the impact of both cli-
mate and land-use changes on a top predator species such 
as the Golden Eagle, even providing novel information 
about breeding parameters for its population over time. 
Worryingly, our results suggest a concerning scenario for 
this emblematic species due to the reduction of range size 
and the increase in fragmentation across Mexico (Rod-
ríguez-Estrella 2002; Campos-Rodríguez et  al. 2019; 
D’Addario et al. 2019; Bautista et al. 2022). This is not 
substantially improved by the existing PA network; on one 
hand, Mexican PAs are not fully exempt from human dis-
turbance and climate change, and on the other, most of the 
sites (including breeding areas) that are highly resilient to 
climate and land-use changes are located outside of cur-
rent PAs. Therefore, it is imperative that policy-makers 
promote new and more effective efforts for long-term con-
servation planning for this species as soon as possible. 
Our results provide critical insights on which areas should 
be prioritized to achieve those goals. Information derived 
from these studies will be crucial for proposing feasible 
and effective actions to conserve this emblematic species 
at both national and international scales.

Impacts of global changes on species distribution 
patterns

Landscape modifications have accelerated in Mexico in 
the last 20 years (see Mendoza-Ponce et al. 2020), which 
is an important concern from a conservation point of view. 
New infrastructure (e.g., roads, wind farms, mining pro-
jects, etc.) and intensive farming (especially in open land 
and grasslands) are increasingly fragmenting and reduc-
ing suitable habitats for the Golden Eagle and, therefore, 

Fig. 3  Biplot of the two first principal component analysis axes 
(PC1 and PC2), showing the climatic niche of Golden Eagle (Aquila 
chrysaetos) breeding sites under current and future conditions. We 
showed the complete panorama for the available climates and the 
niches of breeding sites for the species. (a) Inset: variables, correla-
tions, and directions in the biplot; and (b) PCA-env showing changes 
in bioclimatic variables in the ecological conditions for breeding sites 
from current to future scenarios. Ellipsoids enclose 100% of the val-
ues that represent the climates of the breeding sites of the species 
under each climate scenario. Color shading shows the density of the 
occurrence records by cell, with the solid and dashed contour lines 
indicating 100% and 50% isopleths, respectively. The individual over-
lap values observed among comparisons were: current–2040s = 0.79; 
current–2060s = 0.83; and current–2080s = 0.75. All comparisons 
were statistically significant in both niche equivalence and niche simi-
larity tests (color figure online)
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constitute a direct threat to this species (Marzluff et al. 
1997; SEMARNAT and CONANP 2008; Lozano and 
Ávila-Villegas 2009; De León Girón 2017; Campos-Rod-
ríguez et al. 2019; Bautista et al. 2022). This degrada-
tion, fragmentation, and loss of tropical forests has led to 
strong reductions of bird abundance due to edge effects 
and possibly local-scale climate change. All of these fac-
tors contribute to a reduction of the quality of the Golden 
Eagle’s food supply (e.g., Stouffer 2020; Sherry 2021), 
including its most important prey such as rodents, lago-
morphs, and smaller birds (Di Vittorio and López-López 
2014; D’Addario et al. 2019). Furthermore, these local 
changes can favor the emergence of new diseases that 
negatively impact the demography and population dynam-
ics (Selwood et al. 2014; Fecchio et al. 2019). Habitat 
fragmentation is a process that is too rapid to allow for 
an adaptive response (Lande 1988), and it is perhaps the 
mechanisms that most strongly increases a population’s 
risk of reaching critical states of loss of genetic variability, 
demographic and environmental stochasticity, and vulner-
ability to catastrophic events. Therefore, there is an urgent 
need for conservation measures to combat habitat frag-
mentation, as has been suggested in other countries for 
this and other raptor species (e.g., Gil-Sánchez et al. 2004; 
Cadahía et al. 2010; D’Addario et al. 2019).

We found that global warming is expected to gener-
ate future conditions that will sharply decrease the avail-
ability of suitable habitats for Golden Eagle in Mexico. 
Such changes could be attributable mainly to increasingly 
dry and warm conditions, which may promote alterations 
in the location and size of areas suitable occupied by the 
species (including breeding sites). Certainly, this result is 
not unique. It is now well established that climate change 
impacts species’ ranges—especially latitudinal and altitu-
dinal movements (Lovejoy and Hannah 2019). Anthropo-
genic influence on the climate system has already altered the 
frequency and intensity of extreme weather events (Estrada 
et al. 2023), and lowland areas may experience persistent 
extreme heat or drought as the climate continues to warm 
(e.g., Prieto-Torres et al. 2016). This is consistent with pre-
vious studies in Mexican seasonally dry forests that suggest 
higher vulnerability to GCC for these biota (Prieto-Torres 
et al. 2016, 2020, 2021a) and, therefore, represent a major 
problem for the Golden Eagle’s survival in this ecosystem. 
Although this species is often considered a generalist species 
that is adaptable to a wide variety of conditions (Kochert 
et al. 2002; Watson 2010), a preference for grasslands and 
xerophytic scrub climates has been recorded in Mexico 
(Campos-Rodríguez et al. 2019; BirdLife International 2022; 
Bautista et al. 2022). Thus, when temperature is already near 
the species’ maximum tolerance levels, it cannot persist 
unless it moves to higher elevations or higher latitudes with 
more optimal temperatures (Sergio et al. 2022).

Although our results are generally consistent, they should 
be interpreted with caution because it is unknown to what 
extent the species will be able to adapt to climate changes. 
A species’ adaptive potential is determined by its own evo-
lutionary rate and ability to respond to rapid environmental 
change, which depend directly on factors such as geographic 
range size, dispersal ability, reproductive rates, and degree 
of specialization of habitat requirements (Ortega et al. 2019; 
Silva et al. 2019). None of these parameters were evaluated 
here, so the impacts of environmental changes on Golden 
Eagle population dynamics are still unknown. Although our 
model did take into account climatic, soil, and topographi-
cal factors, species distributions can be constrained by a 
variety of other factors such as interspecific interactions, 
human activities, and the quality of foraging opportunities. 
Therefore, to develop more suitable adaptation strategies, 
further research on demographic parameters and the effects 
of extreme weather events are urgently needed. Medium and 
long-term monitoring programs are essential for answering 
these questions, especially in zones that—based on our mod-
els (Fig. 2)—are more likely to suffer drastic decreases.

Finally, it is important to note that when both climate 
and land-use changes are considered together, the area of 
suitable habitats for Golden Eagle will further significantly 
reduce. In this sense, the identification of “refugia areas” 
or “safe places” (i.e., locations that are highly resilient to 
both GCC and land-use changes) is a crucial strategy for 
planning by managers and conservation practitioners faced 
with these threats that already taking place (see Jones et al. 
2016; Velazco et al. 2019). From this perspective, the iden-
tified climatic stable areas should be prioritized to protect 
and even using to establish corridors that would support 
climate-induced dispersal from high risk areas to suitable 
ones (Struebig et al. 2015; Triviño et al. 2018). Because 
these areas may remain well-preserved in the future even 
under agricultural expansion, resources and efforts should 
be dedicated to their long-term maintenance. Future actions 
should also focus on maintaining suitable habitats in unpro-
tected areas, mitigation of global climate change impacts, 
and assessing the effectiveness of conservation efforts under 
different anthropogenic practices (e.g., Sánchez-Romero 
et al. 2021; Bautista et al. 2022).

Climate global change impacts on breeding sites

Our results suggest a drastic effect of future climatic condi-
tions on breeding areas for Golden Eagle population across 
country. The Golden Eagle is a territorial species that exhib-
its a long-term fidelity to nesting sites (Bravo-Vinaja and 
Guzmán-Aranda 2014), so these negative impacts could 
compromise future population viability. Previous works 
found evidence that environmental conditions—specifically, 
extended periods of low temperatures during the incubation 
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and early nestling period—affect the probability of nest-
ing as well as fledgling production and survival (Steenhof 
et al. 1997). For top predators like the Golden Eagle, drastic 
changes in temperatures can reduce breeding performance 
by increasing energy demands and/or influencing the behav-
ior of prey in ways that decrease food availability (Steenhof 
et al. 1997; Watson 2010; Sergio et al. 2022). So, long-term 
shifts to more extreme weather conditions in the region 
could result in decreased reproductive output by Golden 
Eagles.

For long-lived predators such as Golden Eagle and the 
Red Kite (Milvus milvus), a decrease in most components of 
the breeding performance has been suggested due to drought 
(see Millsap et al. 2015; Sergio et al. 2022). Such impact 
could include a 126% increase in the probability of skip-
ping reproduction, 37% reduction in the number of breeding 
pairs, and 46% reduction in the number of fledglings raised 
which decreased the total number of fledglings produced, 
but also a reduction in nestling body condition and in sur-
vival (Sergio et al. 2022). These negative impacts, conse-
quently, dictated the survival of all future breeding adults, 
implying a delayed negative effect on abundance that is still 
visible decades later (e.g., Martín et al. 2021; Sergio et al. 
2022). In this sense, climate change may erode populations 
more quickly and severely than currently appreciated, espe-
cially if strong philopatry limits the ability of reproductively 
active individuals to relocate their breeding territories to 
locations with more suitable conditions despite experiencing 
low breeding success. Therefore, protecting current breeding 
sites is a critical goal toward the long-term conservation of 
this species in Mexico.

Although our predictions within Mexico are quite pes-
simistic, it is important to highlight a potentially hopeful 
scenario for the long-term survival of this species. Several 
authors suggest that long-lived predators, such as Golden 
Eagles, exhibit wide thermal tolerance associated with 
latitudinal gradients and may therefore be able to breed in 
climates that are currently cooler than their physiological 
optima (Deutsch et al. 2008; Martín et al. 2021; Sergio et al. 
2022). For these species, climate warming is expected to 
particularly benefit animals occurring at higher latitudes by 
increasing population growth and carrying capacity (e.g., 
Deutsch et al. 2008; Martín et al. 2014). In fact, several 
works in Scotland shows successful results of colonization, 
reintroduction and even translocation of Golden Eagle popu-
lation (O’Toole et al. 2002; Whitfield et al. 2007, 2008). 
Therefore, under future climates, it is possible that the spe-
cies’ distribution would be displaced northward in the USA 
and Canada, facilitating the increased recruitment at these 
sites (see Martín et al. 2021; Sergio et al. 2022). However, 
we did not assess this possibility in this study due to a lack 
of access to nesting data outside of Mexico. More research 
and fieldwork testing this hypothesis are needed to obtain 

reliable knowledge about the species’ dynamic responses to 
future environmental scenarios.

Our results have important conservation implications. 
Frequently, the protection of long-lived species focuses on 
adult survival as the main target of management action, but 
as we discussed herein breeding site management have more 
complex and protracted impacts on population dynamics, 
potentially carrying over for decades and becoming appar-
ent only after it may be too late. In this sense, different con-
servation strategies should be developed for areas with dif-
ferent conditions (following Hole et al. 2011): (1) in those 
breeding areas with less native vegetation but low climatic 
anomaly, restoration is an important strategy to increase 
connectivity and population size; (2) in areas with less 
native vegetation and high climatic variation, populations 
should be monitored to identify those that are most vulner-
able and require assisted conservation interventions (e.g., 
future translocations to refugia areas); and (3) in areas where 
native vegetation is abundant but that are projected to face 
high climatic anomaly, it is important to reduce the existing 
climate change factors and protect the current vegetation so 
that the species has opportunities to adapt to the changing 
local climate or disperse to areas with more suitable climate. 
In order to encourage the protection of these critical areas, it 
is important to financially support landowners—especially 
smallholders—who preserve remnant vegetation. Future 
conservation proposals protecting breeding sites and/or adult 
survival cannot be developed without these financial actions, 
especially considering the current anthropogenic/land-use 
planning systems (e.g., Baranovskis et al. 2022). Without 
this support, it could be very difficult, if not impossible, to 
halt the downward spiral of Golden Eagle abundance. All 
of these measures (e.g., payments or tax relief in exchange 
for environmental services, ecological long-term studies, 
etc.) should also be accompanied by continuous educational 
activities that could allow Golden Eagle to function as an 
umbrella species, thereby protecting other poorly known 
species that share its habitat (SEMARNAT and CONANP 
2008; Bautista et al. 2022).

Of course, recognition of the relevance of climate impacts 
on breeding sites does not imply that protecting breeding 
sites alone is sufficient to conserve the long-term presence 
of the Golden Eagle in Mexico. Conservation frameworks 
based on demographic targets beyond breeding productiv-
ity are also needed. Considerable benefits would also result 
from a program that monitors subadult ecology and adult 
survival, so that measures of all three of the main demo-
graphic parameters became accessible (Whitfield et  al. 
2006). This is relevant because mechanisms underlying 
Allee effects (e.g., reduced availability of mates, sexual 
selection and foraging efficiency or increased risk of preda-
tion) can occur in areas far away from breeding territories, 
which increases their likelihood of extinction because of a 
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decrease in reproduction and/or survival (Penteriani et al. 
2008). In fact, the absence of information on the location of 
settlement areas and on the dynamics of individuals within 
them (as for the majority of species) means we are unpre-
pared to halt population declines (Penteriani et al. 2005, 
2008).

It is important to note that the conservation strategies out-
lined in our study are broad and generic suggestions, rather 
than detailed prescriptions for specific locations. Given the 
low resolution of the climatic models at our scale of analy-
sis, it is not possible to evaluate if our refugia areas have 
local characteristics (e.g., streams, lakes, cold air drains and 
topographic exposure to radiation and wind) which could 
create micro-refugia on an even finer scale that could favor 
the species survival (Ashcroft 2010; Gavin et al. 2014). For 
example, maximum wind speed and sunshine duration (both 
of which increase the costs of thermoregulation) had a nega-
tive effect on the probability that chicks successfully fledged. 
Thus, specific sites within the defined refugia region may 
present important changes that some species will not be able 
to tolerate. Further threats causing loss of eggs and nest-
lings in this eagle are agricultural measures such as human 
disturbance (Wiggins et al. 2014; Fernández-Bellon et al. 
2019). Considering the potential for high levels of variation 
in fine-scale landscape scenarios, future studies should focus 
on gaining a more spatially and temporally detailed models. 
Although it could be a major research challenge, we also 
recommend studies on prey availability and diet in Golden 
Eagle nesting areas.

Conclusion

In summary, both future climate change and habitat loss 
were shown to be major threats to the future distribution 
and survival of the Golden Eagle. Information derived from 
this study will be crucial for proposing feasible and effec-
tive actions to conserve this species, especially at its breed-
ing sites. This integrative analysis approach provides novel 
evidence and key guidelines for conservation planning of 
resilient areas, as well as the importance of expanding the 
network of protected/conservation areas. However, only pro-
tecting breeding sites is insufficient to ensure the long-term 
presence of this species. More research about floaters and 
settlement areas is also needed. We hope that our findings 
will motivate conservationists and policymakers to imple-
ment changes in the near future to favor the long-term con-
servation of this vulnerable species.
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